Abstract -This paper presents a comparison of voltage mode control (VMC) and two current mode control (CMC) methods of noninverting buck-boost converter. The converter control-to-output transfer function, line-to-output transfer function and the output impedance are obtained for all methods by averaging converter equations over one switching period and applying small-signal linearization. The obtained results are required for the design procedure of feedback compensator to keep a system stable and robust. A comparative study of VMC, peak current mode control (PCMC) and dual-current mode control (DCMC) is performed. Performance evaluation of the closed-loop system with obtained compensator between these methods is performed via numerical simulations.
I. INTRODUCTION UCK-BOOST (step-down and step-up) converters are widely used in industrial personal computers (IPCs), point-of-sale (POS) systems and automotive start-stop systems [1] . A wide area of application of non-inverting buck-boost converter is battery charging and discharging [2] [3] [4] , where there is a need to have a supply voltage higher and lower than the battery voltage. In this way, by efficient control techniques it is possible to prolong the battery life. There are a number applications of noninverting buck boost converter, where it acts as an intermediate power stage such as for obtaining a high degree of power factor correction (PFC) [5] [6] [7] , maximum power point tracking (MPPT) of solar panels [8] , [9] , fuel cell regulation [10] , [11] , battery charging in plug-in hybrid electrical vehicles [12] , [13] , etc. Fig. 1 presents the schematic of the power stage of noninverting buck-boost converter with two switches and a single inductor, known as a buck-cascaded buck-boost converter which is the most suitable for portable, costeffective, low-voltage applications [1] .
By adequate control it can be operated in buck, boost and buck-boost mode. However, by considering the efficiency, practice has proved that it is more used either in buck mode or in boost mode depending on a particular application. In order to simplify the control design procedure, in this paper, both power switches T1 and T2 are simultaneously driven with the same gate signal, so buck-boost mode is used in a continuous conduction mode of inductor current. It means that diodes D1 and D2 are on whenever power switches T1 and T2 are off. When a duty cycle is less than 0.5, the output voltage is lower than the input (buck mode), and for a duty cycle greater than 0.5, the output voltage is higher than the input (boost mode).
This paper is primarily focused on the performance comparison of three control methods, voltage mode control (VMC), and two current mode control methods (peak current mode control -PCMC and dual current mode control -DCMC). In order to obtain high performance control of the system, a good model of the system is required. A model of the system can be derived by using measurements of the system, i.e. system identification. Although, the converter is a time-variant system, by an adequate method it may be analytically approximated with a time-invariant model. From the obtained model, it is possible to extract three major transfer functions: the control-to-output transfer function, line-to-output transfer function and the output impedance, which represent the effects of the соntrol signal, the input voltage and load current, respectively, on the output voltage [14] . In this paper, a converter model is obtained by averaging converter equations over one switching period and applying smallsignal linearization.
This paper is organized as follows. Primary characteristics of VMC, PCMC and DCMC techniques are considered in Section 2. Small-signal models and appropriate transfer functions are developed and a compensator design procedure is given in Section 3.
Simulation results are presented in Section 4 and concluding remarks are specified in Section 5. 
A. Voltage Mode control
The term VMC arises from the fact that the duty cycle is linearly proportional to the control voltage, why it is also called duty ratio control. This proportional gain depends on the peak-to-peak value of the saw-tooth signal. It is characterized by simplicity and is still popular in point-ofload DC/DC converters [1] . A principled scheme of VMC is illustrated in Fig. 2. a) .
In order to get a superior dynamic line response for VMC, line feed-forward may be used. However, this feature is often avoided because of a complex expression for the DC gain of control-to-output transfer function which requires complex implementation. In Section 3, it will be shown that control-to-output transfer function is of the second order and contains a right-half plane (RHP) zero. This non-minimum phase system causes considerable difficulties to the feedback compensation design [15] and is a reason why various CMC techniques with simplified structures have been commonly applied.
B. Current mode control
Current-mode control methods can be classified into two groups: constant frequency and variable frequency control methods. The first group includes peak-current mode control, valley-current mode control, PWM conductance control with triangle-wave compensation, and average current mode control. The second group includes selfoscillating converters, controlled with constant on-time, constant off-time and hysteretic methods. CMC, compared with VMC, offer several advantages such as inherent line feed-forward property, automatic overload and short-circuit protection, and easy paralleling of multiple converters [16] .
1) Peak current mode control
The most popular among CMC techniques is peak current mode control. A typical scheme of PCMC method is presented in Fig. 2 b) . The peak value of the inductor current is here used to determine the moment to turn off the power switches [16] . Converter with PCMC has a faster response time than VMC, and PCMC is widely used in DC converters and for power factor correction (PFC). However, a PCMC converter may be more noise sensitive than VMC. In PCMC technique, current limiting is obtained automatically since the peak current is controlled. The control of the inductor current in a continuous conduction mode is unstable if the steady-state duty cycle D is greater than 0.5, and subharmonic oscillations appear in the inductor current waveform. It is unstable in the sense that the duty cycle d(t) never reaches a constant level even if vc(t) is constant. To avoid stability problem, the control scheme is usually modified, by addition of an artificial ramp ia(t) to a sensed inductor current waveform. In this way, the instant when power switch is switched off is changed to the moment when it is satisfied iL(t)=ic(t)-ia(t).
Fig. 2. Block diagrams of the (a) VMC method; (b) PCMC method and (c) DCMC method with feedback compensator Gc(s).
The characteristic value  is defined as 
where ma is the slope of ia(t), m1=vg/L is the slope when switches T1 and T2 are on, and m2=vo/L when both switches are off. The value of  should be selected such that 1   to obtain stability which is satisfied for a sufficiently large value of ma [16] . However, the use of a large compensation ramp to increase the range of d is not practical. This problem can be solved by the use of variable switching frequency: hysteretic control method, and discontinuous control mode, as was pointed out in [8] .
2) Dual current-mode control
In order to achieve stability for the entire duty-cycle range, DCMC is proposed in [17] , and it represents the constant frequency current mode control method. The block diagram of DCMC circuit is presented in Fig. 2. c) . There are two clock signals clkA and clkB, both with constant and the same frequency, and one has a delay with respect to the other of a half period. It should be noted that DCMC has no slope compensation. For proper and stable operation of DCMC, the band voltage 2Va must be selected to be larger than or equal to the maximum peak-to-peak ripple of the inductor current ΔiLpp max. This condition can be expressed by the following relation
where KiL is a measuring gain, RL is a resistor used to translate inductor current into voltage vc, ΔiLppmax is the maximum value which may be defined depending on the limits of input/output voltage in a specific application. However, this can adversely affect the waveform of inductor current and output voltage, especially in applications with PFC circuits and inverters because a significant peak-to-average error in the inductor current would exist [18] . If the band is not large enough, the operation is not proper, due to modulator operation is almost as hysteretic current mode circuit [17] . A large value of Va is also not recommendable since it introduces a large domain of uncontrolled output current when the duty-cycle is 0.5. A possible way to solve this drawback of DCMC is to use adaptive band voltage as was elaborated in [18] .
III. SMALL-SIGNAL ANALYSIS The most common methods for modeling DC/DC converters are injected approach, circuit averaging and the state-space averaging method. The end results of nearly all methods are equivalent [19] .
A. Modeling of noninverting buck-boost converter
Small-signal averaged equations for noninverting buckboost converter from Fig. 1 operating in a continuous conduction mode are
where ˆ( ), 
ic(t)=vc(t)/(KiLRL)
is assumed. This approximation is justified whenever inductor current ripple and artificial ramp have a negligible magnitudes [19] . Hence, it leads to
where ˆ( )
c v t is a small ac variation of control voltage due to variations in current reference ic(t).
Without loss of generality, in this paper is taken KiL=1 and RL=1 . In general, the duty cycle depends not only on ic(t), but also on the converter voltages and currents. In this way, substitution of (8) in (3) leads to solution for ˆ( ) d s
After eliminating ˆ( ) d s from (3), and applying the Laplace transforms in newly formed equations, one obtains controlto-output transfer function Gvc(s)
line-to-output function Gvg(s)
and output impedance Zout(s) frequencies, of zero and pole, respectively. As can be seen from relations (9)- (12), simplified first-order transfer functions are obtained. For the purpose of obtaining a more precise relationship between the average inductor current and control input, a more accurate small-signal model may be used, as in [21] .
A. Design of feedback compensator Gc(s)
A feedback loop must be designed to meet specifications regarding line disturbance rejection, transient response, output impedance, etc. To achieve this, an adequate feedback compensator Gc(s) should be designed. Gc(s) is here designed for the control-to-output transfer function marked as Gvx(s), where index x=d corresponds to VMC, and x=c to CMC. Procedure starts with the selection of desired complementary sensitivity function [20, 21] . In order to obtain a maximum attenuation of disturbances, the compensator Gc(s) is defined as 1
T(s)=L(s)/(1+L(s)) where L(s)=Gc(s)Gvx(s) is a loop gain (feedback function)
By insight into obtained control-to-output transfer functions, (5) and (9), T(s), should be selected as
In general, parameters ).
The adjustable parameter of the compensator Gc(s) is time constant .  It is also possible to introduce an additional adjustable parameter, i.e. a factor of relative damping of the closed loop system 0,   which allows achieving better performance/robustness indices, as in [21] . For a given maximum of the sensitivity function, Ms=max|1/(1+Gc(iω)Gvx(iω))|, a time constant  is determined by solving two nonlinear algebraic equations (16) and (17) 
Further analysis enables us to represent Gc(s) as a PID/PI controller for VMC. A control system with a PID controller is realized by the control signal vc(t) defined by
where parameters k, ki, kd are a proportional, integral, derivative gain, respectively, and ( )
Tf is a time constant of filtration [22] . In a similar manner, a PI controller is obtained for CMC technique, with a control law obtained by substituting kd=0 into (18).
IV. SIMULATION ANALYSIS AND PERFORMANCE

EVALUATION
The performances of VMC, PCMC and DCMC in the same operating conditions are analyzed and compared with simulations for the noninverting buck-boost converter operating in the CCM of inductor current which satisfies condition L≥Lmin=(1-D) 2 RTs/2. (5)- (7) and (10)- (12), corresponding transfer functions are obtained for values of the output voltage: Vo=8 V. On the basis of that, the parameters of compensator Gc(s) are determined and simulation analysis is done.
The transfer functions of obtained compensators are In order to verify the effectiveness of the presented design procedure of feedback compensator, as well as rejection of disturbances of presented control methods, large step changes are introduced within simulation. The efficiency is not significantly affected by control algorithms, so the efficiency was not discussed and the objective of this paper was focused to show how considered control methods affect the performance of the closed loop system. Obtained results show that PCMC and DCMC are superior to VMC since these methods lead to significantly better disturbance rejection. Besides, regarding that Gvd(s) is the second order linear non-minimum phase system, the presented compensation design technique leads to an oscillatory response to line disturbance for VMC.
A. Step change of input voltage
In a similar manner, Fig. 6 presents how a compensator with PCMC suppresses a step change in input voltage, and with DCMC for different values of band voltage Va. Let us consider the case when input voltage contains periodic variations at the second harmonic of the system frequency (100 Hz). This often happens with off-line power supplies where variations are produced by a rectifier circuit [7] . Results for discussed control techniques are presented in Table 2 , where Ag is the magnitude of variations in vg(t), and Ao is the magnitude of variations in vo(t). Table 2 we can draw a conclusion that output voltage ripple is significantly smaller with CMC than with VMC. Table 2 also shows that, if a duty factor D<0.5, DCMC gives smaller magnitude variations in vo(t) than PCMC, while for D>0.5 PCMC is better according to this criterion.
B.
Step change of load resistance In order to show how a change in load current affects output voltage, a step response in the load resistance is introduced within simulation. Figs. 5 and 6 show that both CMC techniques improve dynamic performance and reject better line disturbances than VMC. Fig. 6 shows a comparison of PCMC and DCMC for several values of Va, which leads to a conclusion that responses with DCMC, for boundary values of Va approach to the response of the system with PCMC. Fig. 7 . Output voltage for a step change in the load resistance from R to R/2 at the time 0.06 s.
From Figs. 4-6 it can be concluded that both CMC techniques improve dynamic performance and reject better line disturbances than VMC. It should be emphasized that design of compensator is easier for both CMC techniques in which compensator transfer functions are identical. Fig. 7 demonstrates that rejection of disturbance in load current is not adequate with VMC applying a PI/PID compensator, and that PCMC and DCMC show equal and better responses than VMC regarding disturbance rejection in load resistance.
V. CONCLUSION Performance of the closed-loop system with VMC and two current control methods (PCMC and DCMC) and feedback compensator is examined. Simulation results prove that the system with CMC can perform better than VMC under system uncertainties and disturbances. In addition to improving the performance, CMC also simplifies the structure and design of the voltage feedback compensation which are some reasons of modifying and advancing existing control techniques.
